The influence of renal nerves on the renal tubular transport of sodium chloride has been a source of controversy for many years. Both conceptual and methodologic differences have contributed to the continuing conflict. The conceptual disagreements concern the primacy of glomerular filtration rate changes (as opposed to intrinsic alteration in tubular transport) in explaining differing rates of sodium excretion between denervated and innervated kidneys in the same animals. The methodologic problems relate to the validity of the procedures conventionally employed for denervation. The first of these, interruption of all visible nerves entering at the hilus, has been criticized because of the possibility that some nerve fibers may be left intact. The second, section of the splanchnic nerves, has been criticized because splanchnic structures other than the kidneys lose their nerve supply. The contention of Quinby (1) that complete denervation depends upon section and resuture of renal artery, vein and ureter has been frequently cited (2).
in a normal or near-normal manner. However, no definitive conclusions regarding the role of renal nerves on sodium transport could be drawn. The present studies were initiated in order to further explore this problem, as well as to gain additional information about the functional capabilities of transplanted kidneys.
Experiments have been performed on dogs in which one kidney was autotransplanted from the renal fossa to the iliac fossa. The opposite kidney in each animal served as the control organ. Individual functions of both kidneys were examined simultaneously at intervals, both before and after transplantation. Similar studies were performed on two dogs in which one kidney was denervated conventionally. Comparison of the experiments on the kidney conventionally denervated with those on the transplanted kidney has provided a means of evaluating the former as an experimental model.
METHODS
Studies were performed on eight female mongrel dogs in which the urinary bladder was divided longitudinally between the ureteral orifices. Each half was then fashioned into a discrete hemibladder (4) . The two kidneys of each animal were thereby provided with individual bladders drained by permanent polyethylene tubes protruding through stab wounds in the anterior abdominal wall. With proper care to prevent plugging of the catheters, such animals have been found to remain healthy and vigorous indefinitely. With one exception, each animal was subjected to from one to three preliminary clearance studies (prior to denervation) in order to define the functional interrelationships of the two kidneys. In six dogs, one kidney was autotransplanted (and thereby denervated) from the renal fossa to the iliac fossa using a procedure similar to that described by Murray, Lang, Miller, and Dammin (5) . The ureter of each transplanted kidney was reimplanted into its own hemibladder. In two dogs denervation was accomplished by stripping the adventitia from the renal vessels and dissecting the kidney from adherent and adjacent tissue 185 which might contain renal nerves. The contralateral kidney in each animal was left intact to serve as the control organ. Subsequent to the surgical procedure, from one to four follow-up studies were performed. The earliest of these was eight days postdenervation and the latest 163 days postdenervation. Thirteen of the 18 postdenervation experiments were made within 23 days of denervation.
Standard renal clearance procedures were employed. Glomerular filtration rate (GFR) *was determined by exogenous creatinine clearance (Ccr) and effective renal plasma flow (ERPF) by p-aminohippurate clearance (CPAH). The animals were studied in the unanesthetized state and in the standing position, supported by an abdominal sling with openings for the limbs and catheters. The height of the sling was adjusted so as to allow the legs to touch the base of a table.
Urine collection periods were concluded with water and/or air injections (0.5 ml.), using 2 ml. syringes which adapted to the catheters. Heparinized venous blood samples were drawn at the mid-point of each period through an inlying polyethylene catheter in the external jugular vein. Because of the necessity for removing large volumes of blood on multiple occasions, the red cells from each blood sample were resuspended in physiologic saline, filtered through sterile gauze and reinfused. The analytic methods employed have been described Dreviouslv (3) . to maintain the expanded volume, as well a. to preserve the constancy of plasma Na and Cl concenttrations, the estimated urinary losses of sodium, chloride and water were replaced throughout the experiment tby the infusion of synthetic urine solutions as described by Wesson, Anslow, Raisz, Bolomey, and Ladd (6) . During the final three clearance periods (after the completion of expansion), 50 m/A of vasopressin (Pitressin®) was injected as a priming dose and 1 m1A per minute was delivered in the sustaining infusion of creatinine and PAH. 2) Hypertonic expansion of ECF volume was induced by the infusion of three per cent saline at 5 ml. per minute. In one study, ECF volume was expanded with hypotonic saline. 3) Anesthesia was induced by the intravenous administration of sodium pentobarbital (30 mg. per Kg.) after the third clearance period.
In two studies, sodium excretion was examined follvwing the intravenous administration of mercurial diuretic. In the majority of experiments, the first three clearai e periods were control periods and were obtained ii; er conditions of a diuresis induced by the previotus administration of water (20 to flow during ECF expansion regardless of the absolute level of these functions at the time of the study. Moreover, the increases in clearance values for the transplanted kidneys were generally proportional to those noted for the intact kidneys. That these changes were a function of volume expansion rather than the particular infusate employed is suggested by the similarity of responses noted following the infusion of hypotonic, isotonic and hypertonic solutions. Two representative experiments are shown in Table I . Following the induction of anesthesia, the GFR in normally innervated kidneys often decreases. In kidneys denervated by conventional methods, this anticipated decrease in clearance values has frequently been absent. The results of induction of anesthesia with intravenous sodium pentobarbital, after three control periods, in a dog with one kidney autotransplanted are shown in Figure 2 . The intact (normally innervated) kidney sustained a decrease in CCr, whereas the values for the transplanted kidney remained essentially constant. This response was not invariable, however, and in Table II Figure 3 ), the ratios for the two kidneys approach equality and remain comparable during PitressinO infusion. In a similar experiment on a different dog, the urine from both kidneys became concentrated during the infusion of Pitressin®. The values for solute free water abstracted (TCH2O) were numerically greater for the intact kidney, but so also was the filtration rate, and the ratios TCH2o/CCr were equal for the two kidneys.
Sodium excretion. Values for sodium excretion rates during the control clearance periods (fasting state, without ECF expansion) were greater in some experiments for the transplanted kidneys (despite lower filtration rates) than for the control kidneys. This was not a consistent finding, however, either for the group or in serial studies on individual dogs (Table III) (Figure 2) , the percentage of filtered sodium excreted became proportionally greater for the transplanted kidneys. When, however, the GFR decreased more for the transplanted than for the intact kidney (Table II) these experiments revealed differences between the two kidneys, but there was no consistent abnormality noted in the patterns of the transplanted kidneys.
In Table IV filtered loads are identical), the absolute rate of sodium reabsorption increases with time. On the basis of this observation, it has been suggested that the intrinsic reabsorptive capacity of the tubules increases in the dog as a function of volume expansion. In Figure 4 , the results of the second experiment on Dog SP (Table IV-B) are depicted in the manner of Wesson and his colleagues for both the transplanted and intact kidneys. Comparing the rate of reabsorption at point B with point A in each diagram suggests that sodium reabsorption increased with time not only in the intact kidney but also in the transplanted kidney.
II. Denervated nontransplanted kidneys
Eleven clearance studies were performed on two dogs denervated by conventional means. The results of one control and three postdenervation experiments on each animal are shown in Table V . In one of the dogs, the GFR of the denervated kidney decreased from its preoperative level ; 5in the other, values for the two kidneys remained comparable after denervation. The results of these experiments do not differ in any major respect from those on the dogs in which one kidney was autotransplanted.
5This may have been a consequence of the fact that alcohol was injected into the adventitia of the renal artery to insure denervation.
DISCUSSION
The present studies were undertaken with a twofold purpose: 1) to further define the functional capabilities of the transplanted kidney, and 2) to examine the relationship between renal nerves and sodium excretion.
Experiments were performed on dogs with permanent hemibladders in which one kidney was autotransplanted and the opposite kidney left intact. Several properties of this preparation support its usefulness in such an investigation: 1) construction of two separate urinary bladders provides the opportunity to study the functions of both kidneys in a single animal simultaneously and serially; 2) autotransplantation of one kidney only permits comparison of the data of the transplanted organ both with its own pretransplantation values and with the concurrent responses of the intact organ; 3) the removal of a kidney from the body of the host during the transplantation procedure results in the severing of all renal nerves without interrupting nerves to extrarenal splanchnic structures.
The results obtained serve to reinforce the impression gained from human observations (3) that a kidney, successfully transplanted, may function in most respects in a normal manner. The one major abnormality noted in the function of the autotransplanted kidney in the dog was a decrease in glomerular filtration rate and renal plasma flow in the initial studies following transplantation. This defect did not persist, however, and in two animals the value for the GFR of the transplanted kidney ultimately came to equal that of the intact kidney. It seems probable that the initial decrease in clearance values resulted either from the period of anoxia sustained by the kidney during transplantation or from a temporary decrease in arterial or venous lumina at the anastamotic sites.
In recent years, interest has been reawakened in the possible influence of renal nerves on the tubular transport of sodium. In studies on dogs with one kidney denervated and the opposite one intact, the denervated organ has frequently been noted to excrete more sodium than the intact kidney. On the basis of the higher rates of sodium excretion by the denervated kidney, it has been suggested that renal nerves exert a specific effect on the renal tubular reabsorptive capacity for sodium chloride (8) . In the majority of instances where differences in sodium excretion rates have existed, however, the denervated kidney has had a slightly greater filtration rate than the contralateral organ. It has been contended by several groups that the differences in the GFR (and thus the filtered loads of sodium) have been of sufficient magnitude to account for the differences in sodium excretion (10, 11) . To date this conflict in interpretation has not been resolved.
In the majority of experiments performed in the present studies, filtration rate of the denervated kidney was less than the simultaneous value of the intact organ. A higher rate of sodium excretion by the transplanted kidney would, therefore, provide strong evidence in favor of a defect in tubular sodium reabsorptive capacity. Such evidence was not found. When sodium excretion rates were factored by their respective filtered loads, the ratios were not consistently greater for the transplanted kidneys and in several experiments they were less.
Expansion of extracellular fluid volume by infusion of 3 per cent sodium chloride resulted in the elaboration of a sodium-rich urine by both kidneys. In the unanesthetized state there was no evidence for impaired tubular reabsorption by the transplanted kidney. When anesthesia was induced the differences in sodium excretion between the two kidneys were explicable on the basis of concurrent changes in the respective glomerular filtration rates. When the GFR of the intact kidney decreased more than that of the transplanted kidney, superiority of sodium excretion (either relative to the filtered load or absolute) was exhibited by the transplanted kidney (Figure 2) . Conversely, when the GFR of the transplanted kidney decreased more than that of the intact kidney (Table II) , the opposite response was noted.
When the plasma sodium concentration was maintained constant and the filtered load of sodium rose due to increasing filtration rates (during isotonic expansion of ECF), the opportunity existed to investigate the effects of GFR on sodium excretion in transplanted and intact kidneys. Although differences in sodium excretion between the two kidneys were noted, these were not consistent in direction and no abnormal pattern for the transplanted kidney became apparent. In a dog studied five months after autotransplantation, expansion of ECF volume appeared to enhance tubular reabsorptive capacity for sodium not only in the intact kidney but also in the transplanted kidney.
The response of kidneys denervated by a conventional procedure (as described above) did not differ materially from that of kidneys denervated by autotransplantation. It, therefore, seems reasonable to conclude that denervation by conventional means provides satisfactory experimental models.
One theoretic objection to long-term studies on kidneys denervated by all procedures including transplantation is the possibility that nerve fibers may regenerate. Regeneration of nerve fibers into nerve tracts in the transplanted kidney has not yet been systematically investigated. Should this occur to any significant degree, it would not be expected until after the original nerve fibers had degenerated. In two-thirds of the present studies, data were obtained within three weeks of transplantation, and hence this objection would not apply. In the remaining studies, it cannot be asserted that regenerating fibers did not enter the kidney. Whether fibers from the iliac vessels (the sites of vessel anastomoses) could be expected to provide "normal" innervation for a kidney is beyond the scope of this discussion. However, the results of the more chronic experiments did not differ consistently from the larger number of earlier studies.
SUMMARY AND CONCLUSIONS
Separate but simultaneous studies have been performed on the two kidneys of six dogs having one kidney autotransplanted into the iliac fossa and the opposite kidney intact. Data have been examined to obtain further information about a) the functional capacity of the transplanted kidney and, b) the effects of denervation (imposed by the transplantation procedure) on the tubular transport of sodium chloride. Serial studies were also performed on two dogs in which unilateral denervation was accomplished by a conventional procedure.
The results suggest 1) the autotransplanted kidney in the dog demonstrated no persistent defect in any of the functional parameters examined, 2) complete denervation occurring during the transplantation procedure did not result in any consistent abnormality in the tubular transport of sodium chloride, and 3) the responses of the conventionally denervated kidneys did not differ in any major respect from the autotransplanted kidneys. Conventional denervation as employed in numerous previous studies, therefore, appears to be a satisfactory means of depriving the kidney of its nerve supply.
The possibility of nerve regeneration in the transplanted kidney has not yet been definitively studied. However, no consistent differences were noted between the long-term studies and those performed within three weeks of transplantation.
